An experimental study has been conducted to explore the coupling between a coaxial gaseous hydrogen / liquid oxygen jet flame and transverse acoustic perturbations. A variety of chamber conditions including acoustic frequency, amplitude, and the location of the pressure node / antinode with respect to the flame were examined. The flame response was documented using high-speed imaging including backlit visualization and unfiltered chemiluminescence. Dynamic mode decomposition was used to isolate the spatial structure of the flame response at the forcing frequency. The results indicate that the flame response to forcing is qualitatively similar to previous results of nonreacting coaxial jet flows; the pressure node forcing appears to generate in-plane flapping of the flame while pressure antinode forcing induces a helical structure in the flame.
I. Introduction
OMBUSTION instability is one of the critical phenomena that impacts the design, performance, and robustness of energy and propulsion systems. Due to the extreme conditions, liquid rocket engines (LREs) suffer from potentially extreme consequences under unstable conditions, including rapid wear of components and catastrophic failure. Combustion instability is governed by a coupling between propellant injection and mixing, subsequent chemical reaction, and pressure fluctuations. There are multiple coupling mechanisms that are possible, which leads to a variety of combustion instability classifications. 1 Accounting for all combustion instability mechanisms during the engine development process is currently not possible, due in part to a lack of knowledge of the fundamental interactions between fluid dynamics, combustion, and pressure fluctuations. The purpose of the current research is to contribute to this understanding for injector types and operating conditions relevant to LREs. The research, which is experimental in nature, will also generate a database that is needed to validate both low-and high-fidelity rocket engine design tools.
Previous work at AFRL has made major contributions towards understanding the coupling between acoustic waves and rocket injector flows in a nonreacting regime. [2] [3] [4] [5] [6] [7] [8] [9] These experiments employed a high-pressure test facility that allowed for investigation of coaxial jets flowing inert surrogates, generally gaseous,liquid, and supercritical nitrogen, and exposing this shear flow to a variety of acoustic conditions that are representative of a transverse resonance that would occur in a rocket engine. In subcritical conditions, the center flow of the coaxial jet is cooled to a liquid condition, while the outer annular flow is chilled but maintained as a gas. This configuration is relevant to coaxial jet injectors for O 2 /H 2 LREs such as the Space Shuttle Main Engine (SSME). The fluid surrogates were selected and conditioned to have relevance to LRE conditions in terms of the momentum flux ratio, density ratio, velocity ratio, and thermodynamic state (subcritical or supercritical). The geometry of the coaxial injectors was also varied. At sufficiently-elevated pressure, the fluids may experience supercritical behavior where no phase transition between the the liquid-like and gas-like regions exist. The subcritical and supercritical behavior is easily characterized for single component mixures because the critical point is fixed. When a multi-component system is considered, the description of the flow regime is more complicated because the critical point now depends on the composition of the mixture which varies in space and time. 3 The results of this large body of work highlights the manner in which the mixing can be modulated through a one-way coupling between the acoustic field and the fluid mechanics. This provides some insight on the combustion instability mechanism as this interaction plays an important role in the feedback mechanism. What is unclear is how the presence of heat release contributes to the interaction between the fluid mechanics and the acoustics. Additionally, the resultant combustion dynamics which are driven by the fluid mechanics and the acoustics plays a role as unsteady heat release can feed back and amplify the acoustic field. Thus the natural evolution of this research campaign is to introduce heat release into the physics.
The present research employs a new experimental facility at AFRL that is capable of investigating the coupling between acoustic waves and rocket injector flames. The results are preliminary and exploratory, and consider the response of a flame to a variety of acoustic environments, including acoustic frequency and location within the mode shape. The qualitative features of the flames both with and without acoutics are presented, and dynamic mode decomposition (DMD) was applied to isolate the response of the flame at the forcing frequency.
II. Background
The last decade has seen a variety of efforts exploring rocket injector flame dynamics in the presence of tuned or induced acoustic resonance. Anderson and coworkers have been investigating longitudinal combustion instabilities in the Continuously Variable Resonance Chamber (CRVC), with parallel computational efforts. [10] [11] [12] Anderson's group has also been exploring transverse instabilities using a linear array of injectors with the outer-most injectors designed to be unstable to drive a transverse mode in the combustion chamber. [13] [14] [15] These efforts have focused on swirl-coaxial injectors operating with various oxidizer/hydrocarbon combinations. High-amplitude pressure fluctuations were observed for these experiments.
Experiments in Europe have also focused on exploring the flame response of rocket chambers experiencing different types of induced acoustic modes. [16] [17] [18] [19] [20] [21] [22] These studies employed a common methodology for establishing acoustic resonance that involved periodic blocking of a secondary exhaust nozzle. The periodic flow through the secondary nozzle results in chamber pressure fluctuations that when properly tuned can drive an acoustic resonance in the chamber. Dramatic large-scale flame motions have been observed in most of these studies.
The current work complements these efforts in exploring the coupling mechanisms between rocket injector flames and an acoustic resonance. The current effort considers a single shear coaxial injector with cryogenic oxygen in the inner flow and cooled gaseous hydrogen in the outer annular flow. This conserves tracability to the large body of work done over the past decade at AFRL under nonreacting conditions, which will allow insight on the role of heat release in the flow response. This tracability also helps frame the manner in which nonreacting data scales to reacting flow conditions. Unlike many of the efforts cited above, focus is not placed on highly forced conditions (where pressure flucutations scale with the mean chamber pressure), but instead on identifying the conditions where the coupling is first detectable as well as exploring the coupling sensitivity to forcing parameters.
III. Experimental Details
A schematic and design rendering of the facility is shown in Fig. 1 . A single injector element is considered in the present study, and is located in the middle of a rectangular test section. A gaseous nitrogen coflow and window cooling flow are used to condition the test area and protect the chamber windows, respectively. Two piezoelectric sirens from Piezo Systems, Inc. are located laterally with respect to the combustion zone and are used to establish American Institute of Aeronautics and Astronautics transverse acoustic standing waves. These sirens are excited through the use of an amplified signal generator. The exhaust of the inner chamber mixes with gaseous nitrogen flow in the outer chamber, and the combined flow passes through an exhaust orifice that controls the chamber pressure. The propellants are supplied from compressed gas tanks at ambient temperature. An oxygen heat exchanger, designed and fabricated by Sierra Lobo, Inc., along with a hydrogen heat exchanger designed in-house are used to cryogenically condition each propellant flow. Ignition is achieved via a novel ignition system that will be described in future publications due to patent-related issues. Further background on the facility is described by Wegener et al. 7 A variety of coaxial jet injector models have been investigated at AFRL under nonreacting flow conditions. 9, 23 The coaxial jet injector geometry and near field flow dynamics are illustrated in Fig. 2 . For H 2 /O 2 reactants at typical injection velocities, the flame is expected to be stabilized downstream of the blunt trailing edge between the inner and outer flows (referred to as the LOx post tip or just post tip). [24] [25] [26] [27] [28] The various length scales of the subject injector indicated in Fig. 2 are tabulated in Table 1 . These dimensions can be converted into two dimensionless groups, the outer-to-inner area ratio AR of 1.68, and the dimensionless post thickness t/D 1 of 0.27. The injector flow passages are sufficiently long to ensure fully-developed turbulent flow at the injector exit.
High framerate images were captured using a Phantom 7.10 camera at a frame rate of 20 kHz. Backlit flow visualization and unfiltered chemiluminescence were employed to characterize the natural and forced reacting flow response. Filtered chemiluminscence will be employed in future studies to isolate OH* emission. A statistical analysis of the images allows for exploration of the spatial and temporal structure of the reacting flow field. Dynamic mode decomposition 31 was employed to extract the flame response to the acoustic forcing. The relative amplitude of the forced mode to the remaining modes of the decomposition are used as a qualitative indicator of relative strength of the forcing response.
A single set of nominal injector operating conditions was considered for the present study. Table 2 summarizes the nominal operating conditions, including propellant temperatures, momentum flux ratio, oxygen to fuel mixture ratio MR, and Reynolds numbers. The chamber pressure was 3.4 kPa (500 psi) which is thermodynamically subcritical for oxygen; thus two-phase flow behavior is expected. The acoustic forcing is characterized by the frequency in kHz, the location of the injector, being either at a pressure node or a pressure antinode, and the driving voltage amplitude (prior to amplification). Acoustic pressure measurement was not possible during the current set of tests, but will be done in future studies.
IV. Results
One of the primary objectives of the current project is to understand the impact the flame imposes on the flow field. Figure 3 shows a series of images of both the nonreacting and reacting flows without acoustic forcing. The images shown in Fig. 3a are backlit images showing the liquid oxygen core and the annular hydrogen flow. In these studies, the backlighting was reduced to avoid contamination of the chemiluminesence for reacting cases. The nonreacting case represents a situation where the flow was not ignited. The dark region in the bottom half of the image is due to nonuniformities in the backlighting. The qualitative features of the inner jet topology are generally representative of past nonreacting flow studies. This particular sequence shows the breaking and downstream convection of a liquid oxygen section at the end of the dark core. This breaking off of a liquid segment is appears to occur in an aperiodic manner. The unfiltered chemiluminescence images shown in Fig. 3b that the emission from the first few diameters is relatively weak compared to the downstream region. This is in part due to fogging of the test chamber window, fogging which does not exist in the downstream region potentially due to heat from the flame. The sequence of images suggests that unsteady burning is present, as would be expected due to the turbulent operating condictions associated with fully-developed flow, and the evolution of the flame topology is resolved. Burning structures appear to move slowly downstream with increasing time. The presence of liquid oxygen within the flame is unclear for the unforced case. Future high-intensity spark backlit shadowgraph imaging will be used to identify the topology of the liquid oxygen inner core.
Over 2000 images were collected for each test case at a frame rate of 20 kHz. Thus the sequence of images can be analyzed to extract spatial and temporal content. For the nonreacting case, spectral analysis was done on the temporal signals from the pixels located near the interface between the liquid oxygen and gaseous hydrogen. This measures the frequencies present in the inner shear layer region. Figure 4 shows the local spectra for the nonreating case shown in Fig. 3a . The figure shows the axial evolution of the spectra of the images as a function of downstream distance. Although noisy, some spectral peaks are evident; the noise is due to the fact that the temporal data is limited to only 2000 samples. The peak indicated by the vertical blue line at x/D 1 of four and seven is likely to be the signature of structures in the inner shear layer. This peak persists to x/D 1 of seven, but dissappears at eight, which is downstream of the dark core. Although the contrast is weaker in the downstream region, the image fluctuaAmerican Institute of Aeronautics and Astronautics tions still represent the presence of structures that contain density differences. The preferred mode of the coaxial jet, based on the scaling law of Wegener 29 , is shown on the figure as the red vertical line and is near 1 kHz. The preferred mode estimate of 1 kHz is generally representative of lower frequency peaks at x/D 1 of seven and eight. Figure 5 shows the spectral content of the chemiluminescence signals for the flame shown in Fig. 3b at the same axial locations shown in Fig. 4 for the nonreacting case. The power spectral density (PSD) plots show both the reacting (blue line) and nonreacting (gray) cases. The spectral peak of 2.5 kHz observed at x/D 1 = 4 for the nonreacting case is no longer evident, while a moderate peak has emerged at approximately 3.5 kHz; the new apparent shear layer frequency is indicated by the blue vertical line. This indicates a possible frequency shift of the shear layer mode, indicated by the arrow on the figure, from lower to higher frequency due to the presence of the flame. Although there is no obvious flame signature present in the images at this axial location, there is a low-level light signal detected. This potential frequency shift will be explored further in future work.
The PSDs at the x/D 1 of seven and eight show some strong peaks that are below 2 kHz. For the reacting cases, there are multiple peaks at about 850 Hz and 1300 Hz, as well as a lower frequency that emerges at the downstream location. These peaks are in the same general range as the nonreacting preferred mode of 1 kHz. There is a peak at approximately 400 Hz, that emerges at x/D 1 = 8. This new peak may be a discrete phenonmenon or may be the result of nonlinear interaction between the two higher frequencies. The evolution of the spectra further downstream is shown in Fig. 6 . The spectra span a range of x/D 1 from nine to thirteen. The spectral trend shows a general shift to lower frequencies with increasing downstream distance, which is expected due to growth of the reacting structure length scales. A consistent peak around 500 Hz and indicated by the red vertical line is seen in the downstream region. The tilted green line shows the broadband energy-containing spectral range is shifting to lower frequency with increasing downstream distance.
Overall, the spectral analysis suggests that the frequency content in the coaxial jet flame is in the same range as found in the nonreacting case, although some potential frequency shifting may be present. Future analysis, which will include proper orthogonal decomposition (POD) and linear stability analysis, will be used to identify dominant (i.e. preferred mode) frequencies and improve our understanding of how flames alter the flow field spectra.
A variety of forced flames were established and studied. Figure 7 shows instantaneous images of both the nonreacting and reacting coaxial jet flame. The forcing frequency was 1.95 kHz, and the forcing amplitude based on the driving voltage was 1.5 V (maximum forcing for the present study was 2.0 V). These results are associated with the injector being located at the pressure node. For the nonreacting case shown in Fig. 7a , the velocity forcing results in a transverse flapping of the liquid core. This has been observed extensively in past nonreacting studies. The pressure node is also associated with an acoustic velocity antinode, which in this case would be a transverse velocity fluctuation in the same direction as the observed jet flapping. The mechanism responsible for this response is not yet clear. Wegener et al. showed that the momentum flux ratio based on transverse velocity fluctuation is not sufficient to explain the jet deflection. 30 A strong helical mode may exist, which is difficult to discern when using a line of sight. Further work is required to understand the coupling mechanism for the pressure node regime. Figure 7b shows the same injector flow and acoustic conditions with a flame present. The flame is seen to be much larger in axial length, in part due to a reduction in fog buildup on the window. Unlike the unforced flame images shown in Fig. 3(b) , the liquid core is easier to see and is seen to exhibit transverse wiggles. Intense burning regions at the transverse sides of the flame are seen to evolve and convect downstream. It is very apparent that the presence of acoustic disturbances has had a significant impact on the qualitative features of the flame.
Dynamic mode decomposition was used to extract the spatial structure of flame response at the forcing frequency. The amplitude of the modes may be extracted using the algorithm of Schmid. 31 The DMD is applied to the image data over the first 10D 1 , to eliminate the lower frequency content in the downstream region. Figure 8 shows the DMD amplitude spectra as a function of frequency for the case with the flame forced at 1.95 kHz, 2.0 V, and a pressure node location. One mode is seen to be dominant over the other modes as is associated with the forcing frequency. Figure 8b shows the real and imaginary components of the spatial mode shape associated with the forcing frequency. The modes clearly represent antisymmetric behavior by the presence of lobes of like sign (red is positive, blue is negative) that are misaligned with respsect to the left and right sides of the jet. The real and imaginary components are very similar, although positive (red) and negative (blue) lobes appear to be shifted half a wavelength in the imaginary component relative to the real component. Thus when added together in the reconstruction, a convective process is produced. A similar convective mode may be reconstructed with a pair of POD modes that have certain statistical properties. 23 The relative amplitude of the forced mode compared to the "background" modes is an indicator of strength of the mode in relation to other modes. Figure 9 shows the DMD decomposition results for the pressure node case at a higher forcing frequency of 3.05 kHz at a forcing amplitude of 2.0 V. The general trend is the same as found for the 1.95 kHz forcing case. The relative amplitude of the forced mode is closer to the background modes, suggesting the forcing response at 3.05 kHz is American Institute of Aeronautics and Astronautics somewhat degraded compared to 1.95 kHz. The spatial distribution of the modes is also similar, although as expected, the spatial length scales are smaller for the case forced at a higher frequency.
The forced flames located at the pressure antinode experienced a somewhat degraded response. Figure 10 shows the natural and maximum forcing amplitude cases of a flame located at the pressure antinode. Although very subtle, the images in Fig. 10b exhibit a somewhat organized spiral-like structure in the middle of the images that is not evident in the unforced case. Neither of the cases shown in Fig. 10 exhibit the clear dark jet core as shown for the pressure node forced flame shown in Fig. 7b . The dark core is likely obscured by a more intense flame along the coaxial jet centerline compared to the pressure node forced cases.
The spiral-like nature of the pressure antinode forced flames is further elucidated in the DMD results of Figs. 11  and 12 ; Figs. 11 and 12 are associated with forcing frequencies of 1.9 and 2.95 kHz, respectively. In both pressure antinode cases, the forced mode amplitude is closer to the background levels relative to the pressure node forcing results. This suggests that the forcing response is someone degraded for the pressure antinode case, a trend that is congruent with visual observations of the flame. As found for the pressure node cases, the wavelength of the modes decrease with increasing frequency.
It is interesting to note that the pressure antinode exhibits an apparent helical-like structure. Past results by Teshome 23 and Wegener 29 show that the pressure antinode tends to result in symmetrical structures for nonreacting studies. The pressure antinode forcing mechanism as described by Wegener 29 and Wegener et al. 30 that produces axisymmetric puffing of the outer jet flow would tend to preferentially force an axisymmetric response. Whether these flames have a near field that is axisymmetric or not (that eventually develops into a helical mode) will be explored in future studies.
Unlike the pressure antinode results, the pressure node images show the dark core. This suggests that the flame enhancement for the pressure node does not occur near the injector axis, which would lead to a potential optical interference with respect to viewing the dark core. This suggests that the flapping motion is not axisymmetric but is moving in the plane containing the transverse direction and the axial coordinate.
V. Conclusions
An experimental study was conducted on liquid O 2 / gaseous H 2 coaxial jet flames exposed to transverse standing acoustic waves. The placement of the flame at the pressure node region of the mode shape results in a robust coupling at both frequencies considered. The pressure node excitation results suggest that the flame deflects laterally in the spanwise-axial plane in response to the ambient acoustic velocity perturbations. The response of the flame when placed at the pressure antinode appears to be somewhat reduced compared to the pressure node response. The time-resolved chemiluminescence measurements and dynamic mode decomposition (DMD) of the pressure antinode results indicate a helical-like structure to the flame topology. The forcing mechanism, which is expected to result in axisymmetric pulsing of the annular gas flow, has been found in nonreacting studies to induce axisymmetric structure. The competition/transition between the axisymmetric and helical modes in pressure antinode forced flames will be considered in future work. 
